Using high quality undoped GaAs/AlGaAs heterostructures with optically patterned insulation between two layers of gates, it is possible to investigate very low density mesoscopic regions where the number of impurities is well quantified. Signature appearances of the scattering length scale arise in confined two dimensional regions, where the zero-bias anomaly (ZBA) is also observed. These results explicitly outline the molecular beam epitaxy growth parameters necessary to obtain ultra low density large two dimensional regions as well as clean reproducible mesoscopic devices.
PACS numbers:
With potential applications to quantum computation as well as innate interest in fundamental physics such as localization and Quantum Hall effects, significant resources have been devoted to the study of electronelectron interactions 1, 2 . Regardless of dimensionality, the relative importance of interactions increases with decreasing carrier concentration, providing substantial impetus for the study of low density systems. It is instructive to quantitatively analyze the requirements to ensure that phenomena observed are intrinsic to interactions in the two dimensional electron/hole gas (2DEG/2DHG), and not merely manifestations of impurity effects or disorder based localization. The cleanliness of the 2D gas at low densities is also crucial in studying pinch-off regions in one-dimensional (1D) channels and very low conductance characterization of zero-dimensional (0D) quantum dots, although this point is not often emphasized. The theory of scattering mechanisms in 2DEGs is very mature 3,4,5 , providing a concrete basis for improvements necessary to successfully probe regimes of strong interaction. In particular, the proximity of ionized dopant impurities (modulation or δ-doping, or even a doped cap) significantly lowers mobility at low carrier densities, as well as contributes to Random Telegraph Signal noise. Overcoming mobility degradation in bulk 2D studies is possible by offsetting the dopants from the heterointerface by an extremely thick spacer layer 6 , but an offset of more than 100 − 200nm becomes untenable when defining certain features of mesoscopic structures, such as narrow quantum point contacts (∼ 500nm) or quantum dots (∼ 50nm). The alternative method of doping a quantum well from underneath only, creating an inverted 2D gas, carries the cost of interface roughness scattering from inverted interfaces, and does not yield the best mobilities.
This Letter investigates the consideration necessary for integrating sharp lithographic features with a fully undoped structure, using a multi-level (top and Schottky) gating technique 7 . We also quantitatively estimate the effects of background impurities using Boltzmann Transport and classical probability. The fundamental difference between induced 8,9,10 and doped systems is illustrated by the band structures shown in Fig. 1(b) and (c). Unlike in δ-doped structures, in induced devices the Fermi level is not constant and the 2D gas only forms when a threshold inducing voltage in reachedelectrons/holes are pulled from the n/p type ohmic contacts by a biased top gate in a principle analogous to that of enhancement mode MOSFETs. The high quality of the the 2DEG can be judged from the fact that (for T622) at a carrier density n = 3 × 10 10 cm −2 the mobility µ > 10
) and at n = 10 11 cm 11 . The number of ionized background impurities (N B ) at the heterointer- face can be calculated from the experimentally observed variation of mobility with carrier density. Assuming that all the scattering comes from the presence of these impurities and interface roughness,(which the fit in Fig. 1 (a) justifies) Mattheisen's Rule gives the inverse scattering time 1 τ as the sum of
(1)
with commonly defined 5 statistical interface roughness parameters ∆ the mean square roughness height and d a Gaussian correlation. The dielectric function ǫ(q) at a certain scattering wave vector q = 2k F sin θ/2 can be evaluated using the Fang-Howard form factor F (q) and the polarizability Π(q) of the electron gas as
with the dielectric constant of GaAs ǫ r = 12.8. Obtaining from this N B ≈ 1.3 × 10 14 cm −3 and using a wavefunction of calculated width λ ≤ 20nm gives an average distance between scattering centers D ≈ 600nm. The importance of the background impurity concentration is not limited to restricting the mobility at low carrier densities, but also plays a role in determining the localization threshold or the onset of inhomogeneity, where the assumption of linear screening in the 2DEG breaks down. As can be seen in Fig. 1(a) and Microwave Induced Resistance Oscillations 13 experiments are carried out (2 − 4 × 10 11 cm −2 ), scattering due to interface roughness must also be addressed. Even with high quality interfaces buffered by a thick superlattice, in order to fit our experimental data a roughness of nearly a quarter of a monolayer needed to be assumed, which limited the mobility to under 10 7 cm 2 V −1 s −1 at n = 3 × 10 11 cm −2 in the set of samples studied. Devices were fabricated from T622, an undoped Al .33 Ga .67 As/GaAs heterostructures with a 300nm thick Al .33 Ga .67 As barrier grown upon a GaAs substrate. Fig.  2(a) sketches the principle outlay of the devices. A mesa etch establishes isolation between different chip segments before recessed ohmic contacts (Ni/AuGe/Ni/Ti/Pt), patterned gold/black in the image, are deposited and annealed. The recessed nature of the contacts, by which they are deposited into etched pits in a self-aligned process, is crucial, as the required diffusion to contact the induced 2DEG is lateral, rather than the standard vertical diffusion in doped devices. Particular attention must be paid to the roughness of the contact edges in order to achieve high yield 14 . Non-magnetic surface gates (Ti/Au) are defined with electron beam lithography and deposited. An insulating layer of optically patterned polyimide (PI2737, HD Microsystems), depicted in the figure as a semi-transparent purple layer, provides separation from a top gate (Ti/Au) just overlapping the edge of the ohmic contacts. By restricting the overlap to the edge of the ohmic contact, the leakage (proportional to the overlap area) is minimized, while still maintaining the quality of the contact to the 2DEG (proportional to the perimeter).
Our objective is to study the Zero-Bias Anomaly (ZBA), an enhanced conductance at zero source drain bias, was recently observed in δ-doped 1D and 2D mesoscopic systems 15, 16, 17 and has attracted significant attention due to the Kondo-like similarities between the same effect in 0D 18 . In addition to investigating the length scale of the background impurities in mesoscopic regions, study of the ZBA in a dopant-free system may shed light on its origin in situations without an obvious source of a bound state. A positive bias V T G > +3 on the top gate induces electrons in the area underneath it, forming a well defined conducting path around the ohmic contacts under the top gate, but discontinuous under the surface gates unless V SG is positively biased. The density under the surface gates can be kept much lower than the bulk density. The width of the top gate region is ∼ 6µm whereas the surface gates range from 2 − 8µm. Measurements were performed in a two probe ac+dc setup with excitation voltage V ex < k B T base in a dilution refrigerator with base temperature T base ≈ 30mK and at zero magnetic field unless explicitly stated. The electron temperature was approximated by temperature dependence saturation as T electron ≈ 60mK.
Periodic oscillations in the magnetoconductance are observed in low strength perpendicular magnetic fields. These oscillations are distinct from Shubnikov-de Haas Oscillations, which are periodic instead in 1/B, and in fact Fig. 3(a) shows a device where both oscillations can be seen. It has been postulated that this periodicity is related to the radius R of a stable Aharonov-Bohm ring by the relationship 19, 20 ∆B ⊥ ≈ h/πeR 2 . Fourier Transforming confirms the periodicity of these oscillations, and yields a radius R ≈ 500nm, well in line with the calculated average distance between background impurities with which conduction electrons could interact. That this is indeed likely, and that the radius is not some other characteristic dependent on the region, can be seen in Fig. 3(c) , where R is seen to be invariant under changes in bulk electron density (a factor of two) and device gate length (a factor of three). Fig. 4(a,b) shows nonlinear conductance measurements of two devices. As earlier reported, both with rising density and conductance, the nonlinear conductance under a source-drain bias changes form, with both a single peak (type I ZBA) spontaneously split peaks (type II ZBA), clearly evident. The transitions between these peaks vary from sample to sample in seemingly random fashion, although all are restricted to fairly low densities. The dependence of ZBA on top gate bias was investigated, and though minimal effect was seen on the strength or form of the peaks, there was a change in the conductance value at which the peaks formed and split (Fig. 3) , implying that density (k F ) is causing transitions between ZBA type I and type II, and not value of conductance. The suppression of the ZBA with increasing temperature, as well as peak broadening in split peaks, (Fig. 4(c,d) ) is consistent with the proposed Kondo physics, as in linear splitting of single peaks in a magnetic field Fig. 4(e) .
In conclusion, we present a two level gating technique necessary to exploit the benefits of a fully undoped heterostructure for mesoscopic devices. The effect of background impurities in large 2D regions is clearly demonstrated and quantified. We show that the length scale set by these unintentional impurities can have a signature in mesoscopic structures. The appearance of a zero bias anomaly is shown not to be critically dependent on the presence of intentional dopants. Future experiments will extend these processes and estimates to the investigation of ultra-clean 1D and 0D devices.
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